Abstract-We demonstrate a new microphotonic waveguide principle based on subwavelength gratings. We also present several practical implementations of subwavelength waveguides, including a microphotonic fiber-chip coupler with a coupling loss as small as -0.3 dB, a waveguide crossover with an excess loss of 0.02dB/crossing and a PDL of <0.1 dB, and a new type of planar waveguide multiplexer.
I. SUBWAVELENGTH GRATINGS: A NEW WAVEGUIDE
PRINCIPLE We demonstrate a new type of microphotonic waveguide based on a subwavelength grating. This is a non-resonant photonic structure ( Fig. 1 ) formed by etching a periodic array of segments into a single crystal silicon layer of a silicon-oninsulator (SOI) wafer. In order to avoid the formation of standing waves due to Bragg scattering and the opening of a band gap near 1550 nm wavelength, the nominal structural period d is used which is less than a half of the effective wavelength λ eff of the waveguide mode. Indeed, periodic photonic lattices have been investigated to a great extent, but the efforts have almost exclusively focused on photonic crystals with d ~ λ eff /2 that have a band gap at the operational frequency range. In such structures, a waveguide is created by introducing a line-defect in the periodic lattice that creates defect states localized within the photonic band gap created by the periodic structure. In contrast to photonic crystal waveguides, the light is confined in our SWG waveguide core by total internal reflection, as in conventional index-guided structures. The core is a composite medium formed by interlacing the silicon segments with a material of a lower refractive index which at the same time is used as the cladding material (SU-8). We fabricated the SWG waveguides in SOI wafers with 260 nm thick Si layer and a 2-μm-thick bottom oxide, using electron beam lithography in high contrast hydrogen silsesquioxane (HSQ) resist and inductively coupled plasma reactive ion etching (ICP-RIE). A 2-μm-thick SU-8 polymer layer was used as an upper cladding. The measured propagation loss of our SWG waveguide is -2.1 dB/cm for TE polarization and the PDL is mitigated (<0.5 dB) over a wavelength range of ~200 nm.
II. SWG FIBRE-CHIP COUPLER
We demonstrate the potential of subwavelength grating waveguides through the realization of practical functional components. As the first example we chose a microphotonic fibre-chip coupler, first proposed and theoretically studied in ref. [1] . The coupler principle is based on a gradual modification of the waveguide mode effective index and the corresponding mode size transformation by changing the volume fractions of the Si and SU-8 materials that form the composite waveguide core (Fig. 2) . At one end of the coupler the effective mode index is matched to a 450 nm wide silicon strip waveguide for both TE-and TM-like polarizations (n TE = 2.51, n TM = 2.11), while at the end near the chip facet it is close to that of the optical fibre (n ~ 1.5, a lensed optical fibre). The grating period is linearly chirped from 400 nm at the chip edge to 200 nm at the junction with the strip waveguide. At the same time, the waveguide width is tapered from 350 nm to 450 nm. In the first stage (Fig. 2b) , near the chip edge where the mode is weakly confined, the gaps are fully opened and their lengths linearly decrease. In the second stage (Fig. 2c) , near the strip waveguide where the mode is highly confined, we used silicon bridging segments to partially fill the gaps and The TE and TM transmission spectra of the coupler are shown in Fig. 2e . The insertion loss includes the coupling loss and the propagation loss in the strip waveguide. The intrinsic coupler loss was determined in an independent measurement using a broadband Er-fibre source on a series of couplers (up to 62) connected back-to-back as -0.23 dB for TE and -0.47 dB for TM polarizations (inset of Fig. 2e ). From these measurements, the total fibre-to-waveguide coupling efficiency was estimated as -0.3 dB for TE and -1.2 dB for TM polarizations. This is the highest efficiency with minimal polarization dependence yet reported for a microphotonic coupler [2] - [4] . We also found that the coupler loss is little affected by changing the taper tip width from the nominal 350 nm to 300 nm, with an excess loss of less then 0.1 dB for both polarizations. This is improved fabrication robustness compared to other coupler designs, which also shows that the SWG waveguides are less susceptible to dimension errors arising in the fabrication process.
III. SWG WAVEGUIDE CROSSING
Here we demonstrate a new type of microphotonic waveguide crossing, exploiting the SWG principle. A strip waveguide is adiabatically transformed to a SWG waveguide which acts as a non-resonant mode expander in the vicinity of the crossing region, while diffraction is suppressed as a consequence of the subwavelength scale of the grating. The effective index of the crossing waveguides is decreased towards the intersection point by reducing the SWG duty ratio and the width of the silicon segments, as shown in Fig. 3a . Our measurements showed excellent optical isolation between the two waveguides with a crosstalk below -40 dB, more than a 25 dB improvement compared to a direct crossing of strip waveguides (260 nm × 450 nm). The crossover loss was determined on test structures with multiple (up to 80) waveguide crossings concatenated in series. The loss per crossing was estimated as -0.02 dB from the linear fit for TE polarization in Fig. 3b , and the polarization dependent loss is Fig. 3b) , the loss is decreased by a factor of >30. This is among the lowest loss and minimal polarization dependence yet reported for crossings in high index contrast waveguides [5] - [7] . Unlike the latter, our waveguide crossing is a binary structure and it is fabricated using a single etch step.
IV. SWG REFRACTIVE INDEX ENGINEERING IN PLANAR
WAVEGUIDES Using the SWG effect in silicon-based waveguides, media with a wide range of intermediate effective indices can be engineered by modifying the volume fractions of silicon and cladding material. This is shown on the example of an optical multiplexer circuit (Fig. 4a) . We implement a subwavelength nanostructure in the trench between the strip waveguide and the slab waveguide combiner, as shown in Fig. 4a . Near the strip waveguide an effective material index of n ~ 2.03 is created (300 nm SWG pitch, 50% duty ratio, TE polarization). Here, the trench acts as a waveguide for light diffracted by the grating towards the combiner region while at the same time as a lateral cladding for the strip waveguide. On the other side of the trench, near the slab waveguide combiner, a triangular SWG structure [8] is used as a graded-index medium to suppress Fresnel reflection for the light propagating from the trench to the slab waveguide. Transmission spectra for eleven channels of the spectrometer are presented in Fig. 4c . The achieved maximum-to-minimum transmission ratio is as large as ~20 dB while the loss is about -4 dB, allowing for wavelength filtering with a bandwidth of 170 nm. This is the largest wavelength range yet reported for a miniature spectrometer chip, for a device size of only ~160 μm × 100 μm.
V. CONCLUSION
We demonstrated a new type of microphotonic waveguide, including implementations in practical components operating at telecom wavelengths, namely a fiber-chip coupler, a waveguide crossing and an optical multiplexer. These subwavelength grating waveguides circumvent an important limitation in integrated optics, that is the fixed value of the refractive indices of the constituent materials in the absence of active tuning mechanisms.
